The Neutrinos at the Main Injector (NuMI) facility is a conventional horn-focused neutrino beam which produces muon neutrinos from a beam of mesons directed into a long evacuated decay volume. The relative alignment of the primary proton beam, target, and focusing horns affects the neutrino energy spectrum delivered to experiments. This paper describes a check of the alignment of these components using the proton beam.
Introduction
The Neutrinos at the Main Injector (NuMI) beam line [1, 2] at the Fermi National Accelerator Laboratory (FNAL) delivers an intense muon neutrino A collimating baffle upstream of the target protects the horns from direct exposure to errant proton beam pulses. The target and baffle system can be positioned further upstream of the Horns to produce higher energy neutrino beams [6] . The vertical scale is 4× that of the horizontal (beam axis) scale.
beam to the MINOS [3] detectors at FNAL and at the Soudan Laboratory in Minnesota. Additional experiments [4, 5] are being planned. A scale diagram of the NuMI beam line is shown in Figure 1 . The primary proton beam is fastextracted from the 120 GeV Main Injector accelerator onto the NuMI pion production target. The beam line is designed to accept up to 4 × 10 13 protonsper-pulse (ppp) with a repetition rate of 0.53 Hz. After the graphite target, two toroidal magnets called "horns" sign-select and focus the secondary mesons from the target, as shown in Figure 2 . The mesons are directed into a 675 m long, 2 m diameter cylindrical volume, evacuated to ∼ 0.5 Torr to reduce pion absorption, where they may decay to muons and neutrinos. At the end of the decay volume, a beam absorber stops the remaining hadrons, followed by approximately 235 m of unexcavated rock which stops the tertiary muons, leaving only neutrinos.
The target position may be changed remotely so as to produce a variety of wide band beams with peak energies ranging from 3 GeV to 9 GeV [6] . The target, shown fully-inserted into the first focusing horn in Figure 2 , is mounted on a rail system and can be moved as much as 2.5 m upstream. Moving the target upstream directs smaller-angle, higher-momentum particles into the magnetic fields of the focusing horns, resulting in a higher-energy neutrino beam, as shown in Figure 3 . Three spectra are shown, corresponding to the low, medium, and high neutrino energy positions of the target [6] . In these configurations, the target is located 10, 100, and 250 cm upstream of its fully-inserted position.
far detectors, are sensitive to misalignments of either the target or horns with respect to the beam axis defined by the proton beam, as has been shown in previous experiments [7] . The low-energy neutrino beam is particularly sensitive to misalignments because higher energy hadrons will be better focused for almost any misalignment. For example, an off-center target relative to the proton beam results in fast π/K being more able to exit the target without reinteraction in the target material, which ordinarily produces lower-energy mesons. An off-center horn, on the other hand, results in the horn inner conductor being able to intercept and focus smaller-angle mesons off the target, which are the most energetic. The effect of a transverse offset of Horn 1 on the neutrino energy spectrum in the MINOS near detector (L = 1040 m from the NuMI target), for example, is shown in Figure 4 .
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Alignment Fiducials

Target and Baffle System
A beam's eye view of the target-baffle system [10] is shown in Figure 7 . The target and baffle can be manipulated remotely in all three coordinates as well as pitch and yaw. The target and baffle are fixed relatively with respect to each other and move as a unit.
The baffle is a graphite rod with a 11 mm diameter clear aperture. The baffle is 150 cm long, corresponding to 3.1 nuclear interaction lengths and 6.3 radiation lengths. When the beam is incident on the baffle material (and not the aperture) we expect 4.5% of the proton beam to survive, and to have acquired a RMS angle of 0.30 mrad due to multiple scattering. Both effects can be measured using the downstream instrumentation.
Beginning 68 cm downstream of the downstream end of the baffle, the target consists of forty-seven 2 cm long graphite segments, spaced by 0.3 mm. The segments have a width of 6.4 mm and a height of 15 mm. The graphite segments comprise, in total, 2.0 nuclear interaction lengths and 4.0 radiation lengths. When traversing the entire target length, 13.5% of the proton beam will emerge with a RMS angle of 0.24 mrad due to multiple scattering. As can be seen in Figure 7 , the beam can be steered to the immediate right or left of the target such that it still passes through the baffle aperture. This allows determination of the horizontal target position.
To determine the vertical target position there is a 48 th target fin, oriented horizontally, 15 cm upstream of the main target. This horizontal fin is made of the same graphite material as the main target. It is centered (2.26 ± 0.25) mm above the vertical center of the main target, as determined by post-assembly optical survey. The horizontal fin contributes 0.08 radiation lengths, measureable as an increase of the proton beam RMS scattering angle.
Horns and Crosshairs
To allow beam-based alignment of the horns, a system of "crosshairs" was designed [10, 11] . Using these crosshairs and the Horn 1 inner aperture (the horn "neck") the upstream and downstream locations of each horn can be independently measured, giving a measurement of both position and angle of the horn. Figures 8 and 9 show the crosshairs on the horns. Such measurements were performed prior to the installation of the target-baffle system, which prevents the proton beam from being able to strike the crosshairs.
The crosshairs are aluminum bars attached to the downstream face of Horn 1, and both the upstream and downstream faces of Horn 2. Each crosshair consists of a main spar oriented vertically and which is 1 mm wide in the horizontal direction. Each crosshair has an additional horizontal "nub" that is 1 mm in vertical height and extends horizontally 3.5 mm toward the center of the beamline (see Figure 8 ). In the beam's-eye view the Horn 1 downstream and Horn 2 upstream crosshairs overlap. By locating the upstream and downstream crosshairs in both the horizontal and vertical directions, the horns' locations and angles with respect to the beam axis can be determined.
Under normal beam operations, the target is in the beam line, and the proton beam does not intercept any of the crosshairs or their extension nubs. However, with the target removed, the proton beam can be translated horizontally or vertically, and made to cross these features, generating a spray of charged particles caused by nuclear interactions of the proton beam in the crosshair material.
2 Such particle showers can be detected downstream of each horn. Additionally, the crosshairs induce a 0.03−0.05 mrad broadening of the proton beam due to multiple Coulomb scattering in the crosshair material.
Because the NuMI target penetrates the upstream parabolic end of Horn 1, no upstream crosshair can be mounted on Horn 1. To provide a measurement of its upstream end, proton beam is scanned until the inner aperture (the "neck") of Horn 1 is struck by the proton beam. The Horn 1 neck is at 9 mm radius. It is ∼4 cm long, providing 10% of a nuclear interaction length and 45% of a radiation length, so its effects on the proton beam are easily measurable either from attenuation or increased angular spread.
Instrumentation
A pair of ionization chambers, one immediately downstream of each horn, is used to measure the spray of particles created when the proton beam strikes the crosshairs. One ionization chamber is shown in Figure 9 . The ionization chambers (also referred to as a "loss monitors") are normally retracted out of the beam, but can be lowered into position for the beam-based alignment procedure. The positions of the loss monitors, known to a couple centimeters, are not particularly important for the alignment procedure; they provide only a measurement of the relative increase in charged particle fluence.
At the downstream end of the NuMI decay pipe, 723 m from the target station, the Hadron Monitor measures the proton beam profile and intensity (see Figure 5) . 3 The Hadron Monitor is an array of 49 ionization chambers at the end of the decay pipe, and is described further in Ref. [12] . The Hadron Monitor's measurement of the proton beam relative intensity is stable to better than 1% over the 3−4 hour periods of the alignment scans. The 49 chambers of the Hadron Monitor provide 49% coverage 4 of an active square of side 76.2 cm for an angular coverage of 1.06 mrad in each plane (± 0.53 mrad).
The target fins are electrically isolated, so can be read out as a "Budal" monitor [13] . In such a technique, the charge ejected from the target when struck by the proton beam can be read by charge-sensitive electronics, the charge ejected being proportional to the fraction of the proton beam striking the target. Such a technique can provide a measurement of the target's position relative to the proton beam position, as was demonstrated in a beam test of a prototype target [14] .
The proton beam position at the target hall is extrapolated based on instrumentation upstream of the target station. Two instrumentation stations, located just after the last focusing quadupole (referred to as the "121" instrumentation station), and a second at the end of the primary beam transport line (referred to as the "TGT" instrumentation station) are used to extrapolate the proton beam position. There are no magnets in between the two instrumentation stations, permitting an extrapolation to the target with a simple linear model:
(1) Each of the above instrumentation stations consists of a segmented foil secondary emission monitor (SEM) which provides horizontal and vertical beam position and profile measurements [15] . The precision of the SEM position measurements is approximately 25 µm for the low proton beam intensities used during the alignment scans [16] . The extrapolated resolutions from SEM measurements are estimated to be ∼ 32 µm for the baffle, target, and Horn 1; and 54 µm at Horn 2. Each instrumentation station also has a horizontal and a vertical capacitative Beam Position Monitor (BPM) which are used during normal NuMI beam operations [17] . Because of the low proton beam intensities during the alignment scans, the resolution of the extrapolated beam position using the BPMs were 260 µm and 450 µm at the two locations. The BPMs, furthermore, required knowledge of the electrical centers, which introduces an overall "zero position" error from the BPMs in addition to the optical alignment of their mechanical locations in the beam line. Thus, the SEM measurements were used for the beam-based alignment measurements because of their better resolution at low intensity. 
Alignment of Target and Baffle
The target and baffle horizontal and vertical positions can be established by horizontal and vertical scans of the target. The angles of the target and baffle cannot be well measured.
The target alignment was performed on March 3, 2005, and April 25, 2005, the second alignment necessitated by the target's removal and re-insertion in the beam line. The alignment scans performed before and after this occaision indicate that the target's position shifted by ≈ 0.5 mm was noted between these two occasions. During the April 25 scans, the proton beam profile at the target was σ x × σ y = 0.9 × 0.9 mm 2 , while for the March 3 scans the spot size was skewed due to an incorrect quadrupole setting: σ x × σ y = 0.7 × 1.4 mm.
Vertical Target-Baffle Measurements
A vertical scan of the proton beam across the baffle is shown in Figure 10 . The charge collected in the Hadron Monitor is reduced as the proton beam passes into the baffle due to absorption and scattering in the baffle material. The data are fit to a constant multiplied by two error functions. The scan indicates that the vertical position of the baffle is (+1.2 ± 0.1) mm relative to the center of the proton beam axis. 6 The vertical position of the target itself can be established by inferring the presence of the horizontal fin of the target. The RMS size of the proton beam at the location of the Hadron Monitor is shown in Figure 11 . The data are fit to a flat background plus two error functions for the baffle and a gaussian for the fin (the latter motivated by the proton beam size which is comparable to the size of the fin). 7 The value for the centroid of the gaussian is (+1.8±0.1) mm, approximately 1.3 mm below the nominal value of 2.26 mm (see Section 2.1) 
Horizontal Target-Baffle Measurements
A horizontal scan, shown in Figure 12 , is used to find the horizontal positions of the target and the baffle. During such a scan, the beam intensity recorded by the Hadron Monitor varies due to the different amounts of material traversed: the target is 0.96 m in length, while the baffle is 1.50 m. When steered into the aperture between the target and baffle, much of the proton beam arrives at the Hadron Monitor unattenuated. The data is fit to a constant multiplied by two sums of two error functions. The target and baffle centers are fitted independently. The fitted baffle center is at −0.75 mm, the target center at −0.95 mm. The 0.2 mm offset between target and baffle results in the unequal signal amplitude of the two peaks corresponding to the gaps.
The fit to the baffle width gives 10.7 mm, suggesting that it was off-center 
Other Indications
In addition to the Hadron Monitor measurements, the muon monitors and the target Budal monitors can determine the target and baffle positions. The muon fluxes depend in a nontrivial way on how much material the proton beam traverses (see Figure 6 ), so were not used for the beam-based alignment. The target Budal monitors were not used in the beam-based alignment because the signal was dominated by spray off the upstream baffle. This is indicated in Fig. 12 . Data from a single horizontal scan that establishes the horizontal positions of the target and baffle. Plotted is the total Hadron Monitor charge normalized by proton intensity. The edges of the target are found by fitting to the central dip; the inner edges of the baffle are found by fitting to the outer dips. Figure 13 by the fact that the edges of the target are poorly-resolved, and by the fact that the Budal signal is larger when the proton beam strikes just to the right of the target than to the left, consistent with the 0.2 mm misalignment between the target and baffle. In the case of the vertical scans, furthermore, the Budal signal from the horizontal fin was very small, likely due in part to the fin's short length.
Alignment of Horns
The horizontal and vertical angles and positions of the horns were determined with a set of scans performed with the target removed and the horn currents set to zero. All of the scans for horn alignment were performed prior to target re-installation and have the anisotropic beamspot of σ x × σ y = 0.7 × 1.4 mm 2 , resulting in somewhat better measurements in the horizontal direction.
In these analyses the proton beam was always projected to the position of the feature in question. However, as a single loss monitor detector is able to see multiple features, we have extrapolated the beam positions to locations that allow the comparison of these features on the same plot. In the plots shown here the beam is extrapolated to: the Horn 1 downstream crosshair for the Horn 1 loss monitor; the Horn 2 upstream crosshair for the Horn 2 loss monitor; and the Horn 2 downstream crosshair for the Hadron Monitor RMS. The features on the plots visible in different devices will not always line up due to the different points of extrapolation. 
Horizontal Horn Measurements
A typical horizontal scan of the proton beam across the horns is shown in Figure 14 . The data from the three detectors are plotted: "Horn 1 LM" is the loss monitor just downstream of Horn 1 and is sensitive to particle spray from the Horn 1 neck and the downstream crosshair on Horn 1. "Horn 2 LM" is the loss monitor just downstream of Horn 2 and is sensitive to the Horn 1 neck and both crosshairs on Horn 2. The signal from the upstream Horn 2 crosshair is about eight times as strong as that from the downstream crosshair, leading to difficulty in differentiating the signals 8 . The Hadron Monitor RMS is sensitive to all material, so is not useful where crosshairs do overlap, as in Figure 14 . Fig. 15 . The data from Figure 14 for the Horn 1 loss monitor alone. Superimposed on the data is the fit used to determine the center of the horn neck from the outer peaks, and the crosshair position from the central peak.
The Horn 1 loss monitor data are shown alone on Figure 15 along with the fit used to determine the horizontal position of the horn neck and crosshair. The fit is a constant background plus two error functions for the horn neck, and a gaussian for the crosshair. The fit results in a position of −0.46 mm for the horn neck and −3.36 mm for the downstream crosshair (which should be at 0 mm and −2.5 mm, respectively, if the horn was perfectly aligned to the proton beam axis).
The Horn 2 crosshair signals are more difficult to separate. The signal induced by the upstream crosshair is eight times as strong, so even the small amount of beam crossing the nub affects the signal. The problem can be seen in the three-humped structure of the Horn 2 LM signal in Figures 14 and 16 . A similar scan is shown as the open circles in Figure 16 , it is displaced a fraction of a millimeter downward from the scan in Figure 14 , moving the proton beam out of the way of one of the horizontal nubs. This distribution is fit to a linear background (to approximate the nub) and a gaussian. The gaussian gives the Additional horizontal scans were performed with the beam displaced vertically so as to avoid scraping the nubs. A second horizontal scan, with the beam displaced downward to y = −5.7 mm, was used to separate the downstream crosshair signal. This scan, shown as the filled circles in Figure 16 , is well clear of the upstream nub, allowing the downstream crosshair to be resolved and fit to a linear background and a gaussian. The fit gives the downstream crosshair as +1.33 mm (should be +2.5 mm). 
Vertical Horn Measurements
The data from a single vertical scan of the proton beam across the horn system are shown in Figure 17 . Here the beam scans vertically along the centerline of the horn neck -avoiding the crosshair spars as much as possible. The signal peaks represent the horizontal nubs of the crosshairs; the peaks are wider and less prominent than in the horizontal scans because of the smaller amount of material in the nub and because of the wider vertical beam size.
The Horn 1 downstream crosshair nub and neck positions are found by a fit to the Horn 1 loss monitor data. The neck, as before, is clearly visibly, but the nub provides only a weak bump. Regardless, the data is well fit by two error functions for the neck and a gaussian for the nub. The fit value for the nub position is +2.78 mm; other scans give positions of +2.02 and +2.04 mm, so an average is used. The fit value for the neck position is −0.64 mm.
The Horn 2 upstream crosshair nub is found by a fit to the peak in the Horn 2 loss monitor data. Two scans were fit giving positions of +1.48 and +1.57 mm.
The Horn 2 downstream crosshair nub is not resolvable in the Horn 2 loss monitor data. The expected position is around −3 mm, and a slight bump is perhaps visible there in the loss monitor data, but that data is dominated by background. However, the Hadron Monitor data can be used here as there are no other features competing with the nub. A fit is performed to the Hadron Monitor RMS with a linear background and a gaussian over a 6 mm range about the peak in the RMS. The fitted value for the position of the nub is −4.74 mm.
Discussion of Results
The position measurements in the previous sections were used to find the positions and some angles of the target hall components. Based on fitting uncertainties and on the level of agreement between multiple measurement samples, we estimate a position uncertainty ± 0.3 mm for the target, baffle and Horn 1; and ±0.5 mm for Horn 2. Table 1 summarizes the transverse offsets and the angles of the components with respect to the beamline. We estimate uncertainties of ±0.2 mrad for the angles of the horns.
The beam-based alignment measurements were performed using the SEM's to extrapolate the primary beam position. During high-intensity operation of the NuMI beam, only the BPMs are used to steer the proton beam, as the upstream SEM's are retracted from the beam to reduce beam loss. Thus, it was necessary to develop a relation between the extrapolated position determined by the SEMs and that determined by the BPMs. Such was obtained and the upstream SEMs subsequently retracted. Discrepencies are evident in the extrapolated positions, as large as 1.7 mm, in the vertical direction at Horn 2. The magnitude of such discrepencies is not important given the fact that the beam axis has been determined from the beam-based alignment procedure. The BPMs are necessary only to maintain the proton beam on target.
To quantify the effect these misalignments have on the neutrino energy spectrum, we use a Monte Carlo simulation to find the beam changes due to any offset or angle. Table 2 summarizes the effects on the ratio of fluxes measured at the near and far detectors (far-to-near ratio). While angles were not measured for the baffle and target, we estimate an upper bound by considering the difference in baffle and target offsets to be due to a common angle in their mounting. Transverse misalignment of the target and baffle with respect to the proton beam by 1.2 mm, for example, can cause spectral distortions exceeding 2%. Table 1 Positions and angles of target hall components. The positions in the SEM coordinate system are calculated directly from the fitted values. The beam position monitor (BPM) coordinate system values are derived from the SEM values, including the subsequently-measured differences between SEM and BPM measurements. There is only one position measurement in each direction for the target and baffle, so there is no angle information.
We can correct for some of these offsets by simply redirecting the proton beam to strike the center of the target. During normal beam operations, we have steered the proton beam at the x = −1.2 mm and y = +1.0 mm position. In the horizontal direction, the beam is directed at our derived target center. In the vertical direction, where centering on the target is less critical, the beam is centered on the baffle aperture so as to avoid beam halo scraping the baffle; such scraping has been shown to distort the beam spectrum because the baffle acts as a target at an upstream location, producing higher energy neutrinos. [10, 18] We recalculated the target and horn offsets from the new beam location and show those in Table 3 along with the recalculated effects of the far-to-near ratio. In this case, all effects contribute less than 0.5% distortion to the spectrum.
We have implemented a system to measure the alignment of neutrino beam Table 2 Tabulation of effects on the Far-to-Near ratio due to misalignments if the beam were steered at (x, y) = (0,0) mm. The effects shown are the maximal distortion of the ratio of near and far detector energy spectra in the LE beam in any 1 GeV energy bin from (0 − 30) GeV. The offsets are those from Table 1 for BPMs. Several of the offsets, if not corrected for, produce a neutrino energy spectrum distortion in excess of the 2% limit required. See Table 3 for the aligned version.
elements using the beam itself. Such has been used to limit the systematic uncertainties for the energy spectrum from the NuMI beam. For the present, beam based alignment has been used only for choosing the position at which to target the proton beam. The target hall components may be eventually repositioned with respect to each other and angled to reduce possible effects on the neutrino flux. Table 3 Tabulation of effects on the Far-to-Near ratio due to misalignments if the beam were steered at (x, y) = (−1.2, +1.0) mm -as is the case during high-intensity beam operations. The effects shown are the maximal distortion of the ratio of near and far detector energy spectra in any 1 GeV energy bin from (0 − 30) GeV. After steering the proton beam to the target center, none of the uncertainties due to offsets or angles approach the alignment budget of 2% effect on the ratio of far and near detectors' energy spectra.
